Abstract: -Transmission and distribution networks are increasingly affected by sensitive loads, considering the increase of power electronics based equipment and devices. For keeping under control power quality parameters, for instance, harmonics, sags, swells, flicker, reliable measurements performed at high voltage level are necessary. This kind of measurement is performed using high voltage transducers. Considering present technical standards on this subject, for instance IEC 61000 series [1] and ANSI/IEEE Standards, one can find that calibration procedures for transducers, are not yet defined in those standards. This paper proposes calibration procedures and an experimental setup for generation of the required high voltage waveforms, and shows an example of calibration performed in a real high voltage transducer.
Introduction
The increase of sensitive loads in electrical networks, and increase in the harmonic content in voltage and in electrical current, is a reality today [2, 3, 4, 5, 6, 7] . Most of the sensitive loads, producing distorted current and at the same time, more prone to be affected by those harmonics, are connected to the low voltage network. However, as a matter of fact, harmonics are reflected to the power system high voltage side through power transformer, spreading its effects. In some situations high power distorting loads, for instance, high power arc furnaces, in the range of hundreds MVA, are fed directly by the high voltage network, imposing to perform measurements of the power quality parameters at high voltage level. Also, others types of power quality phenomena, like voltage sags and swells, may be caused by faults in the high voltage network, affecting both high and low voltage level [8] . The increase of the distributed generation, using power electronics based equipment like power inverters, connected with the transmission and subtransmission grid at high voltage levels, imposes the measurements to be performed at this high voltage level, to assure conformity with regulatory and technical standards [1] . Hence, this research presents some studies on possible experimental setup for such calibrations, in real high voltage transducers.
Test Setup
The conventional high voltage laboratory, in general, is equipped only with high voltage sources for generating power frequency (60Hz or 50Hz) and impulse (atmospheric and switching) high voltage waveforms, used in dielectric tests of high voltage equipment insulation [9] . For calibration of high voltage transducers used in measurements of power quality disturbances, additional waveforms are necessary, for instance, voltage harmonics, sags (or dips), swells, etc. In this way, in this research, the following test circuit components were defined, for implementing the calibration circuit: -arbitrary waveform voltage source for generating sinusoidal waveforms, with low harmonic distortion, considering harmonic frequencies up to the 50th order (3000Hz), and generation of composite waveforms (fundamental frequency + harmonics), with enough power capacity for the calibration tests. In this research, a conventional commercial programmable power quality generator was used for this purpose. -a step-up high voltage test transformer, fed at the low voltage side by the arbitrary waveform voltage source, to produce in the high voltage side, the waveforms generated by the source (considering composite waveforms and harmonics), with enough power required by the calibration tests. The option of to generate high voltage waveforms in the way described above, was motivated by absence, or by the non availability, of high voltage sources for the waveforms required by the research in the calibration tests, mainly considering high voltage levels found in transmission systems, in the hundreds of kV range. The high capacitance of the Capacitive Voltage Transformer (CVT), and associated low impedance, may become a problem for the voltage source (an arbitrary waveform generator) to feed the test setup, considering its rating of 5kVA. For instance, a 4,000pF CVT, for use in a 230kV power system, is a 27kVA load at rated voltage, above the rating of the arbitrary waveform generator with rated power of 5kVA. The test transformer used in this circuit is a 300kV, 70kVA step-up transformer, where the equivalent circuit, again, was obtained by means of no-load and impedance voltage tests.
Electric Model of Test Circuit

Test Setup Implementation
Considering the typical configuration of high voltage labs and typical power sources for generation of power quality disturbance waveforms, there aren't commercially available test equipment to generate the required waveforms at high voltage level, and with the required power rating for the calibration of high voltage transducers with high capacitance. In this research a number of alternatives to the test circuit shown in Fig. 1 were studied, in which passive reactive compensation were applied, at low voltage side of the test setup.
Generation of High Voltage at Harmonic Frequencies
In this section, by means of modelling and computer simulation using ATP -Alternative Transients Program [11] variants of the test setup were studied, aiming the generation of high voltage at harmonic frequencies. For this purpose a series resonating circuit was used, by applying series association of a capacitance and power source, shown in Fig. 3 as series capacitance. Figs. 4 through 8 show computer simulation of test circuit shown in Fig. 3 , for 14.7µF series capacitance. 
Generation of Composite High Voltage Waveforms (60 Hz + Harmonic Frequency)
Fig . 19 shows the electric model of the test setup for the calibration of a 145kV CVT, capacitance 4,400pF, with reactive compensation provided by the shunt capacitance and shunt inductance. This reactive compensation is intended for to obtain low current at 60Hz and, simultaneously, high values of harmonic voltages applied to the CVT. The dimensioning of shunt capacitance and inductance was performed using ATP program computer simulation. A more detailed study on the behavior of this test circuit can be found in [12] . In this test setup, shunt inductance and capacitance values are tuned for each harmonic frequency. For instance, for calibration of CVT at 300Hz (5th harmonic), a 1.5mH inductance and a 650µF capacitance were used. The 0.5 Ω resistance smooths the frequency response curve, simplifying the tuning of the shunt capacitance and inductance values for reactive compensation. Table 2 , extracted from IEC Standard 61000-4-7 -2º edition 2002 08 (Test and measurement techniquesGeneral guide on harmonics and interharmonics measurements and interpretation, for power supply systems and equipment connected thereto), shows accuracy requirements for power quality analyzers for measurement of current, voltage and power, considering spectral components up to 9kHz, superposed to fundamental component (50Hz or 60Hz). Table 2 -Accuracy requirements for current, voltage and power measurements Table 2 considers two classes of measuring instruments. Particularly, class I instruments are used where more accurate measurements are required, for instance, measurements of harmonic emission. Defining U m as measured harmonic voltage and U nom as rated voltage range of measuring instrument, for the commercial instrument used in this research U nom value is 600V. The harmonic content present in transmission and distribution networks is regulated by national regulatory documents or international Standards. For instance, Table 3 shows upper limits for harmonic voltages, adopted in Brazilian transmission networks, expressed as percentage of fundamental voltage, at 60Hz. Considering measurement of power quality parameters in high voltage networks over 69kV, using voltage transducers (for example a capacitive voltage transformer -CVT), one can find that typical secondary output voltage range from 115/√3 and 115V. Considering the upper limit of Table 3 , for harmonic order of 3, 5 and 7 (in this case 2%), hypothetically the secondary output voltage of CVT should be 2% X 115V = 2,3V. Table 3 , and considering U nom = 600V for the commercial power quality analyzer used in this research, measuring a 2.3V value corresponds to 0.4% of U nom . This way, considering Table 2 , such measurement should present an upper limit error of ±0.05% of U nom = 600V, that means, upper limit error of 0.3V. So, for measurement of harmonic voltages near limit values present in Table 3 , for harmonic order 3, 5 and 7, maximum acceptable error in this case is 0,3V÷2,3V x 100% = 13%. Considering same boundary conditions, estimate maximum error for measurement of upper order voltage harmonics, with values near limits shown in Table 3 , are shown in Table 4 . Calibration of a 145kV/4,400 pF capacitive voltage transformer -CVT was performed, using the test circuit shown on Fig. 19 , by comparing the output of the CVT with the output of the capacitive voltage divider -CVD, adopted as Reference Divider. The test voltages used in the calibration procedures were generated by the arbitrary waveform generator and applied to the test circuit of Fig. 19 . According to the study detailed in [12] , the shunt capacitance and inductance shown in Fig. 19 combines with the inductance of the step-up transformer and the capacitance of the CVT, resulting in a tuned circuit for the required harmonic frequencies, in this way generating high voltage at 60 Hz + harmonic frequencies, together with low values of output current at the waveform generator for the calibration tests. Figs. 22 and 23 show the calibration test setup at the lab. Figs 24 and 25 shows details of components used for the test setup reactive compensation, for obtaining calibration waveforms voltages considering harmonic frequencies. 
Accuracy Requirements for Measurement of Harmonics
Reporting to
Calibration Results
Results of the calibration test for the 145 kV/4,400 pF CVT are shown in Table 5 . In this 
Conclusion
In Table 5 , a dependence of the percentual deviation between measured values by CVD and CVT for each frequency is observed. Using Table 5 values, Table 6 shows calculated values of a correction factor for each harmonic frequency. In this way, correct values of the output voltage of CVT are obtained, by multiplying by corresponding correction factors for each harmonic frequency. 
